urface deterioration can develop in concrete transportation structures due to either mechanical loading or environmental exposure. It can act to reduce the strength and stiffness of the concrete while permitting the accelerated ingress of water and other aggressive agents. Studies have indicated that this type of deterioration can increase the permeability, 1,2 increase the severity of reinforcing-steel corrosion, 3, 4 and lower the load-carrying capacity of concrete. 5, 6 As a result, surface deterioration should be repaired to reestablish the serviceability as well as the watertightness of concrete transportation structures.
S
urface deterioration can develop in concrete transportation structures due to either mechanical loading or environmental exposure. It can act to reduce the strength and stiffness of the concrete while permitting the accelerated ingress of water and other aggressive agents. Studies have indicated that this type of deterioration can increase the permeability, 1,2 increase the severity of reinforcing-steel corrosion, 3, 4 and lower the load-carrying capacity of concrete. 5, 6 As a result, surface deterioration should be repaired to reestablish the serviceability as well as the watertightness of concrete transportation structures.
Although conventional portland cement-based concrete remains the most reliable repair material, the repair patch often requires time to cure before the structure can be opened to traffic, which necessitates detours or lane closures. In an attempt to reduce traffic disturbance, transportation authorities often use rapid-hardening, prepackaged repair materials, such as rapid-set, cement-based, and resin-based mortars or concretes. 7, 8 Rapid-set cement-based materials are easier to mix and more compatible with the substrate, but they are costly and can be more prone to dimensional instability. The primary categories of rapid-set cement are magnesium phosphate cement, calcium sulfoaluminate cement, calcium aluminate cement, and other blended cements. 9 ■ This paper summarizes the findings of an extensive research project that aims to identify the successes and potential problems of 23 rapid-set prepackaged cementitious materials available on the market.
■ Most rapid-set prepackaged materials in this study demonstrated rapid setting, fast strength development, low permeability, and acceptable bonding capacity but a lack of resistance to freezing and thawing and a high sensitivity to restrained shrinkage cracking.
■ In rare cases, materials showed poor early-age or late-age strength, making them inadequate for repair of concrete transportation structures.
Performance evaluation of rapid-set prepackaged cementitious materials for rehabilitation of surface distress of concrete transportation structures
Zhifu Yang, Heather Brown, Jon Huddleston, and Wayne Seger attributed to the incompatibility between the repair material and the substrate. 7 As a result, research is needed to systematically assess the performance-related properties of rapid-set prepackaged materials with the goal of thoroughly understanding their compatibility with field concrete.
The main objective of this study is to provide a detailed evaluation of the important properties of the rapid-set prepackaged cementitious materials that are commonly used in the repair industry. The result is expected to provide a useful database that aids the potential user in understanding the performance of various types of rapid-set prepackaged cementitious materials to allow them to make an appropriate selection.
Experimental programs Materials and proportions
Initially, the rapid-set prepackaged cementitious products from major nationwide material suppliers were reviewed. A total of 23 rapid-set prepackaged cementitious materials from eight different material suppliers were collected with a typical weight of 50 to 60 lb (22 to 27 kg) per bag or bucket.
The materials were proportioned following the instructions in the products' data sheets. Typically, an average amount of water recommended by the material manufacturer was added. All materials were mixed in a 2.0 ft 3 (0.06 m 3 ) rotating drum mixer with a typical batch size of 55 to 70 lb (25 to 32 kg) or in a 6.0 ft 3 (0.17 m 3 ) rotating drum mixer with a typical batch size of 110 to 140 lb (50 to 64 kg). A small batch size is normally used for materials that set rapidly.
Water was first added to the mixer, followed by the prepackaged materials. After mixing (typically for 1 to 2 minMagnesium phosphate cement develops strength based on the hydration reaction between magnesium oxides and phosphates. This reaction occurs quickly, leading to quick or flash setting, rapid strength development, and large amounts of heat generation. [10] [11] [12] Consequently, this material is not recommended for large-volume repairs because there is insufficient time for a flash-set concrete to be mixed, placed, and finished. Also, the large heat release may cause rapid heat accumulation in the material, which may result in thermal cracking or debonding. Another limitation is that the magnesium phosphate chemically reacts with the carbonate aggregates or carbonated concrete surface. The reaction liberates carbon dioxide gas that weakens the bond. 12 However, this material does not require moisture curing after placement due to the fact that the magnesium phosphate cement paste has negligible shrinkage upon drying.
Similarly, calcium sulfoaluminate cement can also be characterized as quick setting. It develops rapid early strength and high dimensional stability as a result of the fast hydration reaction of tetracalcium trialuminate sulfate (at an early age) and the formation of an expansive hydration product (ettringite) that compensates for shrinkage. [13] [14] [15] However, the widespread use of calcium sulfoaluminate cement-based materials is restricted by their relatively higher cost due to the limited availability of raw materials.
In contrast, the calcium aluminate cement has the advantage of rapid setting and strength gain as well as enhanced resistance to high temperature, abrasion, and chemical attacks. 16, 17 The main disadvantages are the high cost due to the restricted sources of raw materials and the metastable hydration product that causes a decrease in the strength of mortars or concretes.
Resin-based materials have extremely low permeability and drying shrinkage as well as good adhesion with the substrate, but they are sensitive to moisture variations and thermally incompatible with the substrate. These materials are preferred in thin applications, where low permeability and good adhesion are required. Resin binders typically include acrylics, polyurethanes, polyesters, epoxies, polyureas, and methacrylates. 7, 8 Although numerous rapid-set repair materials are on the market, the lack of reliable information on how these materials behave in the field makes it difficult for repair professionals to decide which material is more suitable, especially when they face a wide variety of choices. Conventionally, the selection is made based on the material's data sheet provided by the manufacturer. However, these data sheets are often insufficient and sometimes misleading.
For example, some materials are called "high-performance," but after undergoing severe exposure, they display premature deterioration. This poor performance can be primarily were employed with a typical dosage of 5 fl oz/100 lb (3.26 mL/kg) of cement for HRWRA and 100 fl oz/100 lb (65.2 mL/kg) of cement for the accelerator.
Time of setting
After being mixed, the fresh mortar was placed into a 6 × 6 in. (150 × 150 mm) cylindrical plastic container, externally vibrated for approximately 15 seconds, and finished with a steel trowel. If the fresh mixture was highly workable, rodding instead of vibration was performed to consolidate the specimen. Penetration resistance was measured using a penetrometer following ASTM C403 18 until it exceeded 4000 psi (27.6 MPa) or the specimen was completely hardened. utes), the fresh mixture was immediately transferred by wheelbarrow to the specimen preparation site for casting.
In addition, a Type III portland cement-based concrete was designed as a control mixture, representing conventional high-early-strength concrete. The mixture included cement, crushed limestone, river sand, and water at a ratio of 1.0:1.0:2.0:0.40.
The crushed limestone had a nominal maximum size of 3 ⁄8 in. (9.5 mm), specific gravity (saturated, surface dry) of 2.7, and absorption of 1.2%. The river sand was used as the fine aggregate with specific gravity of 2.68 and absorption of 0.56%. A high-range water-reducing admixture (HRWRA) and a calcium nitrate-based accelerator The 4 × 8 in. (100 × 200 mm) substrate concrete specimen was prepared and cured following the same procedure as described in the compressive-strength-testing section. After 28 days of initial curing, the specimen was saw cut diagonally at an angle of 45 degrees from the vertical plane into two equal sections. The bottom section was cleaned, and the slant side was sandblasted. Then it was positioned into the bottom of a 4 × 8 in. cylindrical mold with the slant side up. The moisture condition of the exposed surface was slightly drier than the ideal saturated, surface dry condition. The fresh patching materials were then placed into the top of the mold, consolidated by external vibration for approximately 15 seconds, and finished with a trowel.
The composite specimen was capped and initially cured at 72°F (22°C) for 24 hours and then removed from the mold and cured in lime-saturated water at 72°F for 28 days. The unconfined compressive testing was followed based on the procedures described in ASTM C39 19 with a loading rate of 35 psi/sec (240 kPa/sec). The failure stress and plane were recorded.
Rapid-chloride-permeability test
The initial 4 × 8 in. (100 × 200 mm) cylindrical specimen was prepared following the same procedure as described
Early heat of hydration
The early heat of hydration was monitored by a measuring chamber and a data acquisition-and-analysis system. The measuring chamber contained four different slots. Each slot was able to hold one 4 × 8 in. (100 × 200 mm) cylindrical specimen. A thermal sensor was positioned at the bottom of each slot to record the temperature variation. After being mixed, the fresh mortar or concrete was cast into a 4 × 8 in. cylindrical plastic mold and consolidated by external vibration for about 15 seconds. For the highly workable mixture, rodding rather than vibration was used for consolidation. The specimen was then finished with a trowel and capped with a plastic lid. The specimen, together with the mold, was immediately transferred to a specific slot in the measuring chamber. The temperature change was recorded every 10 minutes for a total of at least 24 hours.
Compressive-strength testing
The casting, consolidating, and finishing of 4 × 8 in.
(100 × 200 mm) cylindrical specimens followed the same procedures described previously. The specimens were then stored on the laboratory floor at room temperature (approximately 72°F [22°C]) until demolding. For specimens that were used for early (less than 24 hours) strength development, demolding was performed at a specific early age. Specimens that were used to evaluate late-age (3 or 28 days) compressive strength were demolded after 24 hours and then cured in lime-saturated water at 72°F until the time of testing.
For magnesium phosphate cement-based materials that did not require moist curing, the specimens were cured in air at 72°F after demolding. In this study, compressive strength testing was performed at 1 hour, 3 hours, 1 day, 3 days, and 28 days, following ASTM C39. 19 For relatively slowsetting materials, compressive-strength testing was first conducted at an age of 4 or 6 hours. A load-control mode was used at a loading rate of 35 psi/sec (240 kPa/sec). For each material, three specimens were tested at a specific age and the average value was used to represent the compressive strength of the material at that age.
Slant shear-bond test
The slant shear-bond strength was assessed using a procedure similar to that described in ASTM C882. 20 The substrate concrete was a conventional concrete that had proportions (by weight) of Type I portland cement, natural sand, crushed limestone, and water in a ratio of 1.0:2.24:2.76:0.4. Crushed limestone was used as the coarse aggregate, with a nominal maximum size of 1 1 ⁄2 in. (38 mm), a specific gravity of 2.7, and absorption of 1.2%. Besides the limestone coarse aggregate, gravel with a similar size and gradation was used with the goal of comparing how the calcareous and noncalcareous aggregates in in the compressive-strength-testing section. After curing in 72°F (22°C) lime-saturated water for 28 days, the specimen was taken out of the curing tank and a 2 in. (50 mm) slice was cut from the middle portion of the specimen using a water-cooled diamond saw.
A rapid-chloride-permeability test was conducted on the slice following ASTM C1202. 21 Three slices for each material were tested, and the total charge in Coulombs that passed through each slice over a period of 6 hours was recorded. The average value of the three slices was used to represent the permeability of each material.
Freeze-and-thaw test
A rapid-freeze-and-thaw test was conducted in a freezingand-thawing chamber following the procedure described in ASTM C666. 22 After mixing, the fresh mixture was placed into 3 × 4 × 16 in. (76 × 100 × 400 mm) metal forms, consolidated by external vibration for approximately 15 seconds, and finished using a trowel. Again, for workable mixtures, rodding and mallet tapping were used to compact the specimen.
For each material, three specimens were prepared. After finishing, the specimens were covered with plastic sheets and stored wet at the room temperature of 72ºF (22ºC) for 24 hours. The specimens were then demolded and cured in lime-saturated water (except for the magnesium phosphate cement-based materials, which were cured in air) at 72ºF for 14 days. After curing, each specimen was placed in a specimen holder. Water was added to the holder until the specimen was fully surrounded by 1 ⁄8 in. (3 mm) of water. The specimen together with the holder was positioned in the freezing-and-thawing chamber and the test started.
The weight of each specimen was measured and recorded regularly (at approximately 35 cycles) during the test. The transverse resonant frequency of each specimen was determined using the forced resonance method. Before each measurement, the freezing-and-thawing chamber was stopped to allow the specimen to thaw completely. The specimen was then removed from the specimen holder and seated on a support to allow the free water on the surface to drain completely. The material scaled from the specimen was collected and weighed after the free moisture was removed with a wet cloth.
Visual inspection was conducted on the specimen to note whether there was cracking or severe deterioration. The durability factor and weight loss as described in ASTM C666 22 were calculated. The test result was defined to be a failure when the durability factor was below 60, a substantial mass loss (more than 20%) was noticed, or the specimen became broken or crumbled during the measurement. The test for a specific specimen was stopped at 300 cycles or when failure was noticed for that specimen.
Results and analyses
Time of setting Figure 1 illustrates the typical results of the pin penetration test. The initial setting time was defined as the time when penetration resistance reached 500 psi (3400 kPa), which approximately measured the time at which the mixture was no longer workable. The final setting time was determined to be when the penetration resistance approached 4000 psi (28 MPa), roughly marking the time at which the mixture became fully rigid and started to develop strength at a significant rate. As a result, the setting time of repair materials is of great importance in scheduling repair operations.
The setting time of the rapid-set prepackaged cementitious materials varied widely. All materials can be classified into three categories based on the criteria used in the conventional concrete: normal set, quick set, and flash set. 23 If the mixture remained workable for a minimum of 45 minutes and began to solidify within 1 to 3 hours after water was added, this material was generally characterized as a normal-set material (for example, materials 2, 5, and 6). If a considerable loss of workability occurred from 10 to 45 minutes and the mixture became hardened in less than 1 hour after the addition of water, this material belonged to the quick-set category (for example, material 11). If an instantaneous loss of consistency was observed and the mixture started stiffening in less than 10 minutes, this was typically called flash set (for example, material 7). Figure 1 shows that the primary difference among the setting curves was the length of dormant periods, during which the penetration resistance was nearly zero.
Once the initial set started, most materials would become fully hardened (final set) in approximately 20 minutes or less. In this study, nearly 83% of materials showed this trend. In contrast, some materials (including the control mixture) exhibited a relatively gradual increase in penetration resistance over time. These materials commonly required 30 minutes or more to approach the final set after the initial set occurred. Slightly more than 17% of materials in this study displayed this behavior.
A fast-setting material is always favored in the repair of transportation structures because it minimizes lane closures; however, rapid-setting materials should be chosen cautiously because limited time is available for placement and finish. Table 1 summarizes the characteristics of materials and their initial and final setting times. In general, most rapid-set prepackaged materials (11 out of 23) were of the quick-set type and these materials typically started to develop strength in approximately half an hour.
Specifically, the magnesium phosphate cement-based materials (for example, materials 3 and 13) usually showed flash set, normally beginning to gain strength in about 10 minutes. Undoubtedly, these materials are not sug- and finished in a similar way to conventional high-earlystrength concrete.
In particular, some materials (such as materials 2, 6, 16, and 19) demonstrated slower setting than the conventional high-early-strength concrete. Clearly, they are intended for hot-weather repair or large-volume repair, where slow setting would be advantageous. Setting was typically related to early heat generation and early strength development.
gested for large-volume repairs. To avoid wasting materials, they should be batched in a small quantity and then quickly placed, compacted, and finished. Obviously, a self-consolidating characteristic is desirable for a quickor flash-set material because it allows fast placement and eliminates the need for compaction. Conversely, some materials (such as materials 5, 17, and 18) were observed to set at a fairly normal rate with a final setting time of approximately 1 to 2 hours, indicating that these materials can be batched in a relatively large volume and placed substrate is frozen. A magnesium phosphate cement-based mortar (such as material 3) showed the highest peak temperature as well as the quickest temperature rise, while the portland cement-based concrete (for example, material 19) demonstrated similar or less heat generation compared with the control mixture (Fig. 2) . Table 2 lists the peak temperature and the rate of temperature rise of all rapid-set prepackaged cementitious materials evaluated in this study. Most materials demonstrated greater heat release at early age than the control mixture (that is, conventional high-early-strength concrete), revealing that these materials would be more susceptible to early thermal failure. The risk of early thermal failure was classified into three categories (low, medium, and high) in this study based on the comparison of heat development of a prepackaged material with that of the control mixture.
If a material demonstrated a similar pattern of heat generation to that of the control mixture (such as materials 9, 10, 12, 14, 16, 18, and 19), it was anticipated to have a low risk of early thermal failure for typical patching repairs. This would make it a good choice for hot-weather or largequantity applications. If a material exhibited a high peak temperature (more than 160ºF [71ºC]) or especially a high rate of temperature rise (more than 50ºF/hour [10ºC/hour]), this material is more likely to create a high temperature gradient within the repair system. Early thermal cracking may occur as a result of excessive tensile stress developed in the system, or detachment may take place when excessive shear stress developed at the interface exceeds the bonding strength.
The rapid-setting materials commonly generated high heat and exhibited rapid strength gain at early age; however, these may adversely affect long-term strength and durability, as will be described later in this paper. (100 × 200 mm) cylindrical specimens in this study. This time-dependent temperature change was an indication of the heat generated by the hydration of cementitious materials at early age. In general, rapid heat generation occurred for most prepackaged materials immediately after water was introduced.
Early heat of hydration
In particular, some materials exhibited a high peak temperature and a high rate of temperature rise (materials 3 and 11 in Fig. 2 ). These materials are likely to cause early thermal failure as a result of large thermal expansion during the initial period of temperature rise, followed by large thermal contraction during the cooling down of the repair patch. This can be particularly troublesome for hot-weather repairs, thick applications, or any patches surrounded by high insulation where the heat is unable to dissipate. In such cases, cool water or aggregate extension (especially with cool aggregates) is advised during mixing to reduce the temperature gradient. Therefore, a material with low heat of hydration at early age is preferred.
However, a large heat release is more attractive for coldweather patching repair in which external heat supplies are not necessarily required to warm the material and the substrate unless the ambient temperature is too low and the Not only the total amount of heat (corresponding to the area under the time-temperature curve in Fig. 2 ) but also the rate of heat generation (relating to the slope of the ascending peak of the time-temperature curve) played important roles in early thermal failure. This was because the repair patch did not have time to disperse the heat when the rate was too high, thus creating a high temperature gradient. The heat data typically correlated with setting and early strength development. Materials with a high peak temperature or a high rate of temperature rise primarily exhibited quick or flash set and gained a substantial amount of strength within 1 to 3 hours and thus were high-earlystrength materials.
Compressive-strength development Figure 3 illustrates the typical results for compressivestrength development of various rapid-set prepackaged materials in this study. Some materials (such as materials 1 and 22) demonstrated rapid strength development in the first 24 hours, but strength increase after this period was insignificant. This was particularly true for magnesium phosphate cement-based concrete, which typically set within 10 minutes and was able to achieve a compressive strength of 2000 psi (14 MPa) in 2 hours and 6000 psi (41 MPa) in 2 days. However, there was no significant increase in lateage strength. 12 In contrast, some materials (such as material 6) displayed low strength development within the first several hours but continuously gained strength over time. This was similar to conventional Type III portland cement-based concrete (the control mixture), which typically showed a slow strength gain in the first several hours and then rapidly developed a substantial amount of strength (3000 to 4000 psi [21 to 28 MPa]) within 24 hours. This strength increase continued for at least 28 days, leading to the high late-age strength. More interesting, some mixtures (such as material 15) not only showed rapid strength growth in the first few hours but also exhibited a significant increase in compressive strength over the curing period. This characteristic was similar to that of calcium sulfoaluminate cement-based materials, which set quickly (in approximately 10 to 30 minutes) and dramatically developed compressive strength (2000 to 3000 psi) in the first several hours, but considerable hydration potential remained in the cement particles after the rapid initial hydration, 13 leading to large late-age compressive-strength development. streets, and new constructions, allowing public access within 24 hours. A VHS material can possibly be used for structural repairs that involve a high-strength substrate. However, VHS is not favorable for most applications because of these materials' high cement content and low water-cement ratio, which result in high shrinkage and modulus of elasticity and thus high potential for shrinkage cracking.
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Slant shear-bond strength Figure 4 shows the typical failure patterns of composite specimens observed during the slant shear test. The quality of bond was arbitrarily categorized in this study as good, fair, or poor based on the slant shear-bond strength and the location of the failure plane. If the slant shear-bond first, followed by a decline at approximately three days and then an increase at 28 days. Although the exact reason for this trend was not clear, one plausible explanation was that this material may have contained calcium aluminate cement. The phase conversion from metastable to stable hydrates during cement hydration caused a more porous microstructure and subsequently a reduction in compressive strength. [15] [16] [17] Compressive-strength development is particularly important because it determines when the repair is ready for traffic. There is no standard that specifies the minimum strength requirement for a concrete repair before the structure can return to service. 24 Patching materials should be able to gain a minimum strength of 2000 psi (14 MPa) before the patch can be opened to the public. [25] [26] [27] To avoid traffic disturbance, a nighttime repair is often scheduled, with the lane closure typically taking place between 9 p.m. and 5 a.m. This 8-hour repair window also includes the removal of deteriorated concrete and the preparation of surface and reinforcement, all of which together may take approximately 4 hours. Consequently, the time that remains for the placement and early strength development of the repair patch is about 4 hours. As a result, a successful patching material is anticipated to develop a compressive strength of 2000 psi in 4 hours. Meanwhile, to achieve better compatibility and ensure good long-term performance, the late-age strength is expected to be similar to or slightly higher than that of the substrate concrete. 27 Consequently, a 28-day compressive strength of 4000 psi (48 MPa) or greater is desired due to the fact that the substrate concrete typically has a 28-day compressive strength of more than 4000 psi.
In addition, the Strategic Highway Research Program (SHRP) proposed a criterion to classify different types of concrete based on strength development. A concrete that is able to develop a minimum compressive strength of 3000 psi (21 MPa) within 4 hours was defined as very early strength (VES), 5000 psi (34 MPa) within 24 hours as high early strength (HES), and 10,000 psi (69 MPa) within 28 days as very high strength (VHS). 28 All materials can also be classified based on the SHRP criteria. For instance, seven materials (materials 1, 2, 3, 4, 7, 9, and 11) can be characterized as VES; three (materials 12, 14, and 16) as HES; two (materials 5 and 6) as VHS; six (materials 13, 17, 20, 21, 22, and 23) as both VES and HES; and one (material 15) as VES, HES, and VHS.
A VES material is typically a good candidate for small patching repairs because it sets and gains strength extremely quickly, minimizing lane closures; however, it is not recommended for large-volume repairs because construction commonly requires a relatively long time and small heat release. An HES material can potentially be applied to fast-track construction, such as full-depth repairs, public the fresh mixture of these materials was viscous and dry and set quickly during the specimen preparation (material 23), causing a lack of penetrability and intimate contact, or the material itself (material 8) was weak, leading to the weak bond.
A good bond is crucial to a successful repair because composite action between the repair patch and the substrate is required to ensure good performance. A patching material with high penetrability (such as one that is rich in paste and flowable with low viscosity) is always favored because it can easily penetrate the open pores of a substrate without using bonding agents. However, a clean and sound substrate with an open-pore structure, a rough profile, and a saturated surface-dry moisture condition is essential to achieve good adhesion at the interface, while adequate consolidation is also important for a non-self-consolidating material to ensure intimate contact between the repair material and the substrate. 31 Permeability Table 5 provides the rapid-chloride-permeability-test results in this study. Each number in Table 5 was the average value of three specimens. Based on the criteria described in ASTM C1202, 21 the permeability was classified into four groups: high, moderate, low, and very low. Very low permeability was defined as when the total charge passed over a period of 6 hours was less than 1000 C. Between 1000 and 2000 C was categorized as low permeability, between 2000 and 4000 C as moderate permeability, and in excess of 4000 C as high permeability.
It can be seen from Table 5 that most rapid-set prepackaged cementitious materials (more than 78%) exhibited very low to low permeability, meaning that those materials could be good candidates for patching low-permeabilstrength was high (greater than 4000 psi [28 MPa] ) and the specimen failed at the prepackaged material, the substrate, or both, the bond was classified as good. However, if the slant shear-bond strength was high (greater than 4000 psi) and the specimen failed right at the interface (that is, the bond plane), the bond was classified as fair because under normal loading conditions, the bond would still perform well. A poor bond was defined when the slant shear-bond strength was low (less than 4000 psi) and the failure occurred exactly along the bond plane. Table 4 summarizes the average slant shear-bond strength for all rapid-set prepackaged materials tested in this study. The slant shear-bond strength was calculated by dividing the peak load by the bond area (that is, the area of sloping interface). Out of 23 materials, 18 exhibited a good or fair bond capacity and 13 materials demonstrated an even higher bond strength than the conventional high-early-strength concrete (the control mixture). Undoubtedly, debonding was less likely to occur for these materials.
In particular, the magnesium phosphate cement-based materials 3, 4, and 13 displayed poor bonding to the substrate concrete that was made with limestone coarse aggregate. The bond failure was mainly attributed to gas bubbles generated where the magnesium phosphate cement-based mixtures came in contact with the limestone aggregate. 30 As a result, these materials were not suitable for repairing concrete structures made with limestone aggregate. However, for substrates with noncalcareous aggregates, such as gravel, a substantial increase in bond strength was observed ( Table 4 ). The carbonation of substrate can also cause similar problems. Therefore, removal of any carbonated surfaces before placement is essential for magnesium phosphate cement-based materials to achieve acceptable bonding. In addition, two materials were found to have poor bond strength. This may in part be due to the fact that 
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Permeability is normally related to the material's ability to transport fluid. It is important, not only because of water ingress and aggressive ion intrusion, but also with respect to the material's compatibility with the substrate concrete. The use of a highly permeable repair material allows rapid water uptake and thereby leads to a high risk of deterioration. However, a repair material that is impermeable to moisture transmission should also be chosen with caution, especially in a large patching repair with a permeable substrate. This is because moisture can be trapped at the interface, causing a high saturation level and possibly debonding. 32 This is particularly worrisome in cold climates or when the substrate contains steel ity substrates, such as high-performance-concrete bridge decks. Surprisingly, the control mixture showed moderate permeability that was greater than that of most prepackaged materials. Apparently this moderate permeability was more compatible with that of normal concretes. Therefore, the control mixture is a good choice for patching normal rather than high-performance concretes. In addition, all magnesium phosphate cement-based materials demonstrated unacceptably high permeability, revealing that these materials had a porous microstructure and would lack durability. As a result, they are not suitable for high-quality, durable repairs or repairs that will undergo severe exposure. 
Conclusion
The primary goal of this study was to evaluate the performance of various rapid-set prepackaged cementitious materials available on the market. It was found that the performance of these materials varied substantially. In general, most materials showed fast setting, rapid strength development, high 28-day compressive strength, low permeability, and acceptable bond capacity. Although these properties are essential for successful patching repair, the lack of resistance to freezing and thawing and the high risk of shrinkage cracking 34 are likely to cause premature failure when some of these materials are exposed to severe environments. In addition, some materials generated extremely high heat at early age, causing a high risk of early thermal failure. Particularly, material 22 was noted to exhibit earlyage thermal cracking during specimen preparation, making it unsuitable for repair.
Magnesium phosphate cement-based materials showed very rapid setting and strength gain; however, they demonstrated very high early heat release, very high permeability, low resistance to freezing and thawing, and poor bonding to substrates with limestone aggregate. Consequently, they should be chosen with caution for patching repair of concrete transportation structures, especially in aggressive environments.
It became evident that materials with high strength and rapid strength development typically exhibited high heat generation, high potential for shrinkage cracking, 34 and high susceptibility to freeze-and-thaw deterioration. As a result, high strength did not ensure good performance but rather probably caused long-term durability concerns.
In addition, materials 5 and 6 were observed to set normally, but they displayed very high strength at a late age, together with extremely low permeability and good ability to bond with normal concrete. The main limitations again were high susceptibility to shrinkage cracking 34 and low resistance to freezing and thawing. In particular, material 19 displayed nearly perfect performance with the only restriction of relatively slow setting and strength development at early age. It is a promising material for patching repairs in cases where early opening to traffic is not required. Conversely, materials 7, 8, and 10 had either low early-age strength or low late-age strength that did not meet the requirements for typical repairs. Material 18 performed fairly poorly with not only slow setting and strength development but also high risk of shrinkage cracking. 34 
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Resistance to freezing and thawing
Two typical damage patterns were observed: scaling and cracking. Scaling is the loss of a surface layer of mortar from the body of the specimen. In this study, three types of scaling were arbitrarily categorized: slight, moderate, and severe. Slight scaling refers to an insignificant loss of surface mass, typically less than 5% (top left part of Fig. 5) . Severe scaling was defined as a substantial mass loss (more than 10%) from the surface of specimens, particularly at the edge and the corner (top right part of Fig. 5 ). Mass loss between 5% and 10% was classified as moderate scaling. When mass loss was above 20%, the specimen was considered a failure. In addition to scaling, two types of cracking were noticed in this investigation: longitudinal (bottom left part of Fig. 5 ) and transverse (bottom right part of Fig. 5 ). The specimen was also marked as a failure whenever cracking occurred. Table 6 summarizes the freeze-and-thaw test results. The durability factor and the weight loss are the average values calculated from three specimens. Weight loss was different from surface scaling in this study due to the fact that the specimen absorbed water during the test. This also explained why some specimens gained weight during the test even though they had scaling. For materials 8 and 20, three failure cycles were listed because each specimen failed at a different cycle.
Nine materials showed a durability factor of 95 or above, indicating that these materials performed well with essentially no significant deterioration through 300 freezing and thawing cycles. The excellent performance of these materials can be attributed to their low permeability. Six materials displayed slight to moderate deterioration, with a durability factor between 60 and 95. The slight to moderate deterioration of these materials may be due to either moderate to high permeability (materials 7 and 13) or the lack of an effective air-void system. In addition, eight materials performed rather poorly, with a durability factor of less than 60. Table 5 shows that these materials typically exhibited high permeability, allowing rapid water uptake during the test (materials 3, 4, and 8). Another reason for this poor performance may be the lack of an adequate air-void system. All magnesium phosphate cement-based materials behaved poorly during the freeze-and-thaw test due to their high permeability. For material 23, the durability factor was set to zero at zero cycles. This was due to the fact that early thermal cracking occurred in the specimen during the early curing period. 
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Abstract
This paper summarizes the findings of an extensive research project that aims to identify the successes and potential problems of 23 rapid-set prepackaged cementitious materials available on the market. The results of this study are anticipated to provide potential users with reliable information for deciding which materials have the greatest potential for desirable performance. It was found that most rapid-set prepackaged materials in this study demonstrated rapid setting, fast strength development, low permeability, and acceptable bonding capacity. However, the lack of resistance to freezing and thawing and the high sensitivity to restrained shrinkage cracking were likely to cause premature deteriorations.
Research findings also indicated that although magnesium phosphate cement-based materials set and developed strength extremely quickly and shrank negligibly, their high permeability and poor durability made them unsuitable for long-lasting repairs. In contrast, some materials exhibited normal setting and strength development similar to what was observed in conventional Type III portland cement-based concrete. The main concerns for these materials were, again, poor resistance to freezing and thawing and high risk of shrinkage cracking. In rare cases, materials showed poor early-age or late-age strength, making them inadequate for repair of concrete transportation structures.
